A nitroxide radical, Tempol (Tempol, TPL), is usually used as an antioxidative agent clinically, whereas the mechanism underlying its pro-oxidative effect has not been thoroughly investigated. The present study investigated the pro-oxidative effect of TPL on the inhibition of cellular proliferation and its role in enhancing the effect of anticancer drug cisplatin (DDP) on the induction of apoptosis in ovarian cancer cells. Cell viability and proliferation were evaluated by MTT assay. Cell apoptosis was analyzed by flow cytometry (FCM) following staining with Annexin V/propidium iodide. Western blot analysis was performed to determine the expression levels of anti-apoptotic protein B-cell lymphoma-2 (Bcl-2) and pro-apoptotic protein Bcl-2-associated X protein (Bax), and the Bcl-2:Bax expression ratio. Cellular reactive oxygen species (ROS) were labeled with dichlorofluorescin-diacetate and analyzed by FCM. The results revealed that cell viabilities of OVCAR3 and SKOV3 cells were decreased by TPL in dose-dependent manner at concentrations of 2 to 10 mM after 48 h incubation. The cell proliferation rates of OVCAR3 and SKOV3 cells were suppressed by TPL at lower toxic concentrations of 1.5 and 1 mM, respectively, compared with the control group. The MTT assay indicated that the combination therapy significantly inhibited the cell proliferation of OVCAR3 cells compared with treatment with DDP alone. FCM demonstrated that the combination treatment increased the proportion of early apoptotic cells in OVCAR3 cells compared with single DDP treatment. Western blot analysis revealed that the combination treatment markedly decreased the Bcl-2:Bax expression ratio compared with treatment with DDP alone. Detection of cellular ROS expression levels demonstrated that the combination therapy significantly increased cellular ROS generation compared with the DDP-only therapy. These data indicated that TPL increased the effect of DDP on inducing apoptosis in OVCAR3 cells.
Introduction
Ovarian cancer is a major malignant tumor type affecting the female reproductive system, which has the highest mortality rate of all gynecological tumors (1) . Therapeutic drug resistance is a major factor of the chemotherapy failure observed in the treatment of ovarian cancer (2) . Cisplatin (DDP) is preferentially used for chemotherapy in ovarian cancer in clinical practice; however, its efficacy is often restricted due to its dose-limiting toxicities, including bone marrow toxicity, nephrotoxicity and the development of drug resistance (3) (4) (5) . Identifying a method to limit DDP toxicity while maintaining its efficacy is significantly important for successful chemotherapy in ovarian cancer (6) . Numerous studies have evaluated that cancer cells, in comparison with normal cells, are under increasing levels of oxidative stress associated with an increased overall generation level of reactive oxygen species (ROS) (7, 8) . The moderately increased expression levels of ROS in cancer cells may stimulate cellular proliferation and promote mutations and genetic instability (9, 10) ; however, excessive production of ROS may inflict damage to various cellular components, including DNA, protein and lipid membranes (11, 12) . This increased intrinsic ROS stress in cancer cells provides a unique opportunity for killing the malignant cells, due to their vulnerability to additional ROS attack (13) .
As a small molecular of nitroxide radicals, Tempol (TPL) has been utilized as a biophysical tool for electron paramagnetic resonance spectroscopy in numerous studies (14) (15) (16) . TPL has an unpaired electron and undergoes rapid reversible transfer between 3 forms: Nitroxide, hydroxylamine and the oxoamonium cation (17) . Therefore, TPL is a potential redox agent that may function as a reductive or oxidative agent depending on the concentration in the cell (18) . The clinical application of TPL at <1 mM is usually as an antioxidative agent in the treatment of inflammation (19, 20) , such as periodontitis in a rodent model (21) . And TPL also has a clinical application in neurodegenerative diseases including including Alzheimer's disease, Parkinson's disease and Huntington's disease (22, 23) , or hypertension (24) . In contrast to studies regarding the antioxidative effects of TPL, another study has indicated that TPL, at concentrations of >1 mM, may serve as a pro-oxidant by producing ROS and oxidizing reduced transition metals (25) . TPL is favorable for inhibiting the growth of neoplastic cells by increasing cellular ROS production (25, 26) . Based on these data, the present study hypothesized that the pro-oxidative activity of TPL increased the antitumor effects of DDP by increasing cellular ROS production and inducing cell apoptosis. The present study investigated the potentiating effect of TPL with an antitumor drug, DDP, on cellular proliferation and apoptosis in ovarian cancer cells. Cell culture. OVCAR3 and SKOV3 human ovarian cancer cell lines were purchased from Southern Medical University Cancer Institute (Guangzhou, China). Cells were cultured in DMEM supplemented with 10% FBS at 37˚C in a humidified incubator at 5% CO 2 . Cells were routinely subcultured using 0.05% trypsin-EDTA solution.
Materials and methods

Chemicals
Cell viability assay. Briefly, cells were seeded into 96-well plates at the density of 5x10 3 cells/well. Following incubation at 37˚C in humidified incubator for 24 h, the DMEM was removed and replaced with a fresh medium containing increasing concentrations of TPL (2, 4, 6, 8 or 10 mM) and cultured at 37˚C for 48 h. In order to estimate the effect of TPL on cell proliferation, growth curve analyses of OVCAR3 and SKOV3 cells were performed. Cells were seeded into 96-well plates at the density of 1x10 3 cells/well and cultured at 37˚C with TPL (1.5 Mm in OVCAR3 cells and 1 mM in SKOV3 cells) for 5 days. To investigate the effect of combination treatment of TPL and DDP on OVCAR3 cells proliferation, cells were cultured with 6 concentrations of DDP (1, 2, 4, 8, 16 or 32 µM) at 37˚C for 48 h, and then 3 µM DDP combined with 1.5 and 2 mM TPL, respectively at 37˚C for 48 h. Following treatment, the medium was discarded, cells were washed with PBS once and 100 µl MTT solution (0.5 mg/ml), which was diluted with 10% FBS and phenol red-free DMEM (Thermo Fisher Scientific, Inc.), was added to each well and incubated for 4 h at 37˚C. Subsequently, the solution was discarded, 50 µl dimethyl sulfoxide was added to each well and the absorbance was evaluated at 490 nm. All experiments were performed in triplicate.
Inverted phase contrast microscopy observation. OVCAR3 cells were seeded in 6-well plates (2x10 6 cells/well) and treated with 1.5 mM TPL, 3 µM DDP or a combination of TPL and DDP (1.5 mM TPL and 3 µM DDP) at 37˚C for 48 h. Following a 48 h exposure to drug or control treatments, the cells were observed at x10 magnification in 22 fields of view (18 mm) using an inverted phase contrast microscope. Images were captured at magnification, x200.
Flow cytometry (FCM) analysis. Induction of apoptosis was determined using an Annexin V-FITC Apoptosis Detection kit, according to the manufacturer's protocol. OVCAR3 cells were seeded in culture dishes at the density of 2x10 5 cells/well and incubated at 37˚C for 48 h with media containing 1.5 Mm TPL or 3 µM DDP or a combination of TPL and DDP (1.5 mM TPL and 3 µM DDP). Annexin V-FITC-positive staining is a hallmark of early apoptosis, whereas late apoptosis and necrosis are indicated by additional positive nuclear staining with propidium iodide (PI). The cells were immediately detected with the probes by FCM analysis using FACS Aria II (BD Biosciences) and analyzed by FlowJo Software (FlowJo LLC, Ashland, OR, USA). Each sample was analyzed three times in three independent experiments.
Western blot analysis. OVCAR3 cells were treated with TPL (1 mM), DDP (3 µM) or combination of 1 mM TPL and 3 µM DDP at 37˚C for 48 h. Following incubation, cells were digested with 0.05% trypsin-EDTA solution at 37˚C for 3 min, collected into a centrifuge tube and washed twice with cold PBS. Protein lysis buffer (50 µl/dish) made up of 1X protease inhibitors (Hangzhou Fude Biological Technology Co., Ltd., Hangzhou, China) and 1 mM phenylmethanesulfonyl fluoride (Fude Biological Technology Co., Ltd.) was added to centrifuge tubes and cells were lyzed on ice for 10 min. The concentration of the prepared protein was detected according to the manufacturer's protocol of the Bicinchoninic Acid Protein Assay kit (Thermo Fisher Scientific, Inc.). The whole cellular proteins (50 µg) were then mixed with 5X SDS-PAGE sample loading buffer (Fude Biological Technology Co., Ltd.) and boiled at 95˚C for 10 min. The treated samples were subjected to 12% SDS-PAGE and transferred to polyvinylidene f luoride membranes (EMD Millipore, Billerica, MA, USA). Nonspecific binding was blocked using 5% non-fat powdered milk (dissolved in PBS) at room temperature for 1 h and the blots were incubated overnight at 4˚C with the following antibodies: Bcl-2 (cat. no. 3498; 1:1,000), Bax (cat. no. 14796; 1:3,000) and GAPDH (cat. no. G9545; 1:5,000). The following day, all the membranes were washed three times with PBS supplemented with 0.1% Tween-20 prior to incubation with the horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibody (cat. no. FD0128; 1:5,000; Fude Biological Technology Co., Ltd.) for 1 h at room temperature. Finally, the membranes were washed with PBS supplemented with 0.1% Tween-20 three times for 5 min each. The bands were visualized by chemiluminescence reagents according to the manufacturer's protocols (EMD Millipore) and visualized on the ChemiDoc XRS+ Imaging System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Image Lab Software (version 3.0; Bio-Rad Laboratories, Inc.) was used to quantify band densitometry. A total of three independent experiments were performed.
Evaluation of cellular ROS by FCM.
For the evaluation of the expression levels of ROS, OVCAR3 cells that had been treated with 1.5 mM TPL at 37˚C for 12 h were harvested and washed twice with PBS. The cells were suspended in 0.5 ml PBS and incubated with 20 µM DCFH-DA, a cell membrane permeable fluorescence probe, for 30 min at 37˚C. Subsequently, the cells were washed and suspended in 0.5 ml PBS for analysis. Fluorescence levels were detected by FCM analysis using FACS Aria II (BD Biosciences) and analyzed by FlowJo Software. Each sample was analyzed three times in three independent experiments.
Statistical analysis. Results represent data from triplicate experiments for each treatment group and are presented as the mean ± standard deviation. Student's t-test was performed for comparisons between 2 groups and one-way analysis of variance with the Student-Newman-Keuls post-hoc test for comparisons between >2 groups. P<0.05 was considered to indicate a statistically significant difference. Fig. 1A depicted the chemical structure of TPL. In order to investigate the effect of TPL on cell proliferation, the present study performed an MTT assay to evaluate cell viability following TPL treatment with concentrations >1 mM. The cell viabilities of OVCAR3 and SKOV3 cells were suppressed by TPL in a dose-dependent manner. The half-maximal inhibitory concentration (IC 50 ) values of TPL in OVCAR3 and SKOV3 cells were 3.72 and 2.32 mM, respectively, after 48 h incubation (Fig. 1B) . Based on the IC 50 , a low concentration of drug without cytotoxicity was used. Therefore, the present study selected the concentration of 1.5 mM TPL in the OVCAR3 group and 1 mM TPL in the SKOV3 group to analyze the effect of TPL on cell proliferation. Cell growth curves indicated that the proliferation rate of OVACR3 cells was significantly inhibited by TPL, compared with the control group, from the third day (third day, P=0.0097; fourth day, P=0.0113; fifth day, P= 0.0155); the proliferation rate of SKOV3 cells was also inhibited by TPL, compared with the control group, from the third day (third day, P=0.0286; fourth day, P=0.0239; fifth day, P=0.0174) (Fig. 1C) . These results suggested that TPL at concentrations of ≥1 mM were toxic and suppressed cell proliferation in OVCAR3 and SKOV3 cells.
Results
TPL inhibits the proliferation of OVCAR3 and SKOV3 cells.
TPL increases DDP-induced proliferation inhibition of OVCAR3 cells.
It is universally recognized that DDP is the chemotherapeutic drug for ovarian cancer in clinical practice (28) . MTT assays were used in the present study determined the IC 50 of DDP in the experimental system. Fig. 2A indicated that the IC 50 of DDP was 4.71 µM following incubation for 48 h. To investigate whether TPL increased the effect of DDP on cell proliferation inhibition, OVCAR3 cells were incubated with a combination of 3 µM DDP and 1.5 or 2.0 mM TPL. Each concentration of TPL significantly increased DDP-induced cell proliferation inhibition, compared with the signal DDP treatment group (Fig. 2B) , suggesting that TPL improved the effect of DDP on inhibiting cell proliferation. When incubated with TPL alone, the higher concentration of 2.0 mM revealed a slightly higher toxicity compared with low concentration of 1.5 mM TPL, but no significant statistical difference was observed. Following treatment of TPL combined with DDP, the high TPL concentration group exhibited significant proliferation inhibition in OVCAR3 cells compared with the low TPL concentration group (P<0.05), indicating that the proliferation inhibition effect of TPL was more marked at higher concentrations. Fig. 3 . OVCAR3 cells, cultured in the control group, were fibroblasts-like which had a long and flat shape with irregular protrusions. Following TPL treatment for 48 h, the cell shape was not altered significantly, while the cell number was decreased compared with the control group. In the DDP treatment group, the cell shape changed, including some cells shriveling and others appearing round in shape. In the combination treatment group, the cell number was markedly decreased compared with the DDP-only treatment, and the majority of the cells were round in shape and had not attached to the culture dish. The combination treatment decreased cell proliferation of OVCAR3 cells more effectively compared with treatment with TPL or DDP alone.
Morphological observation of OVCAR3 cells following combination treatment of TPL and DDP. Morphological observations of OVCAR3 cells following treatment with TPL or DDP or the combination of two drugs are demonstrated in
TPL improves DDP-induced apoptosis of OVCAR3 cells.
The effect of DDP in cancer therapy is dependent on the induction of cell apoptosis. To evaluate the apoptotic stages of the cells following stimulation with the combination treatment, FCM analysis was used to distinguish the early apoptotic cells stained with Annexin V-FITC and the late apoptotic cells stained with PI. Representative cytograms for each treatment group are presented in Fig. 4A . Stimulation of OVCAR3 cells with the combination of 1.5 mM TPL and 3 µM DDP for 48 h produced a significant increase in the percentage of early apoptotic cells (Annexin+/PI-; 74.1±2.9%) compared with the DDP alone treatment (59.52±1.58%; Fig. 4B ; P=0.0121). The percentage of late apoptotic cells in the combination group (Annexin+/PI+; 5.43±0.58%) was similar to the DDP group (7.29±2.3%; Fig. 4B ). This experiment indicated that TPL accelerated DDP-induced apoptosis, primarily reflected in the increase in proportion of early apoptotic cells.
TPL decreases DDP-induced expression ratio of Bcl-2:
Bax in OVCAR3 cells. The expression ratio of Bcl-2:Bax serves an important role in cellular apoptosis. To verify whether the combination treatment was able to increase the apoptosis rate of OVCAR3 cells, western blot analysis was used to detect the expression of anti-apoptotic protein Bcl-2 and pro-apoptotic protein Bax, and the expression ratio of Bcl-2:Bax. Fig. 5A depicted the protein expression after TPL treatment, DDP treatment and combination treatment. The data in Fig. 5B indicates that the combination treatment decreased the protein level of Bcl-2 and the expression ratio of Bcl-2:Bax induced by DDP (P=0.028). These results suggest that the TPL treatment significantly promoted DDP-induced apoptosis in OVCAR3 cells.
TPL increases the DDP-induced apoptosis through ROS generation in OVCAR3 cells.
To investigate the potential mechanism of TPL-increased DDP-induced apoptosis in OVCAR3 cells, the cellular ROS generation induced by TPL and DDP in OVCAR3 cells was examined with DCFH-DA staining. As depicted in Fig. 6A , following treatment with TPL or DDP for 12 h, TPL and DDP increased the fluorescence intensity of ROS in OVCAR3 cells compared with the control group. In addition, the fluorescence intensity of ROS in the combined treatment group was significantly increased compared with the DDP alone group (P=0.0035; Fig. 6B ). Therefore, it was concluded that TPL improved the cellular ROS production induced by DDP, suggesting that TPL-increased DDP-induced apoptosis may be associated with an increase in DDP-induced ROS generation.
Discussion
DDP chemotherapy is one of the primary treatments for ovarian cancer and has been applied for a number of years, despite the fact that DDP treatment alone does not demonstrate satisfactory effects in current clinical practice. Drug resistance has emerged as the major impediment to effective ovarian cancer therapy (3) (4) (5) . Therefore, novel strategies that are able to improve the effects of DDP urgently required. TPL, a cyclic nitroxide, protects normal organs from oxidative damage and notably inhibits the growth of neoplastic cells, compared with the growth of normal cells (29) , which suggests that TPL may be a promising agent for cancer treatment. The present study investigated whether TPL was able to potentiate the effect of DDP on chemotherapy-induced apoptosis in ovarian cancer cells. Firstly, the combination treatment of TPL and DDP significantly inhibited the proliferation of OVCAR3 cells, as indicated by MTT assay. Subsequently, FCM analysis indicated that the effect of DDP in inducing apoptosis was markedly increased following TPL and DDP combination therapy in OVCAR3 cells. This effect may provide the possibility of a decrease in the effective dose of DDP in clinical therapy, and consequent decrease in the dose-associated toxicity of DDP.
ROS generation, a hallmark of apoptosis induction, has been demonstrated to be associated with an inhibition of the mitochondrial respiration chain, leading to rupture of and alterations to the membrane potential of mitochondria (30) . It has also been demonstrated that ROS generation consequently leads to the release of cytochrome C from the mitochondria to the cytosol, and activation of the mitochondrial apoptotic pathway (31). Bcl-2 and Bax serve important roles in regulating caspase-dependent and caspase-independent apoptosis, mediated by the mitochondrial pathway. These types of apoptosis are accompanied by an upregulation of Bax and downregulation of Bcl-2, or downregulation of the Bcl-2:Bax expression ratio, and promotion of the formation of apoptosome (32). Western blot analysis demonstrated that co-treatment markedly decreased the protein level of Bcl-2 and the Bcl-2:Bax expression ratio compared with the DDP-only treatment. Previous studies demonstrated that TPL has an unpaired electron and interferes with the electron transport carriers in the mitochondria, particularly Complex I, leading to the formation of ROS (25, 27) . The DCFH-DA staining assay in the present study indicated that TPL increased the cellular ROS generation induced by DDP. These results indicated that the combination treatment of TPL and DDP induced apoptosis through increasing the cellular ROS level in OVCAR3 cells. However, there are potential harmful interactions between TPL with enzyme complexes that may alter essential cell functions, including inhibition of glucose transport and impairing of mitochondrial adenosine 5'-triposphate production (33, 34) . Therefore, the potential side effects of TPL may result in damage to the function of some normal cells. In conclusion, the present study identified that TPL increases the rate of DDP-induced apoptosis in OVCAR3 cells, highlighting the significant therapeutic implications of TPL combined with DDP in OC. Whether this combination will affect other types of human cancer cells similarly remains to be determined.
